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Cloning and Characterization of the Vitamin D Receptor 
from Xenopus laevis^ 
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ABSTRACT 

The Vitamin D receptor iVDR), a member of the nuclear receptor 
-uperfamily, mediates the effects of 1.25-dihydroxyvitamin D, on 
mineral ion homeostasis. .\Jthough the mammalian and avian VDRs 
have been extensively studied, little is known about the \T>R in lower 
vertebrate species. To address this, we have isolated the Xenopus 
(levis VDR ixV^DRi complementary DNA. Overall, the x\T)R shares 
T9'^f, 73'^, and 75'"f identity at the amino acid level with the 
chicken, mouse, rat, and human VDRs. respectively. The amino acid 
I esidues and subdomains important for DNA binding, hormone bmd- 
:ng, dimerization, and transactivation are mostly conserved among all 
\'DR species. 

The xVDR polypeptide can heterodimenze with the mouse retinoid 



X receptor cr, hind to the rat osteocalcin vitamin D response element 
iVDREt, and induce vitamin D-dependent transactivation in trans- 
fected mammalian cells. Northern analysis reveals two xVDR mes- 
senger RNA species of 2.2 kb and 1.8 kb in stage 60 Xenopus tissues. 
In the adult, xVDR expression is detected in many tissues including 
kidney, intestine, skin, and bone. During Xenopus development. 
xVDR messenger RNA first appears at developmental stage 13 ( pre- 
neurulation), mcreasing to maximum at stages 57-61 ( metamorpho- 
sis*. Our data demonstrate that, in Xenopus, VDR expression is de- 
velopmentally regulated and that the vitamin D endocrine system is 
highly conserved during evolution. ^ Endocrinoiogv 138: 2347-2353, 
1997) 



THE VITAMIN D endocrine system plavs an important 
role in mineral ion homeostasis {!). l,25-dih\ droxyvi- 
tamin D^, the active hormone, has also been found to regulate 
cell differentiation and cell proliferation during myogenesis 
tind hematolymphopoiesis (2-4). The receptor that mediates 
the actions of 1,25-dihydroxyvitamin D3 has been cloned 
from human (5), rat (6), mouse (7), and avian species (8, 9), 
leading to the characterization of the molecular mechanisms 
involved in transcriptional regulation by l,25-dihydro\yvi- 
tamin D^. The vitamin D receptor (VDR) is a member of the 
nuclear receptor superfamily. It binds to ns-regutatory ele- 
ments in target genes bv heterodimerizing with the retinoid 
\ receptor (RXR) and thereby regulates gene transcription 
(10,11). 

Although the VDRs from mammals and avians are struc- 
turally and functionally conserved (10), little is known about 
the VDR of lower vertebrate species such as amphibians, 
-Amphibians are the first animals to make the u ater to land 
tr.insition in evolution. This transition is linked to an in- 
creased dependency on dietary calcium for mineralizatit.)n oi 
.1 bony skeleton (12, 13) because aquatic vertebrates extract 
c.iicium mainh^ from the water thev li\e in. Amphibians, 
tiierefore, represent an intermediate stage in the evolution of 
endocrine regulation of mineral metabolism because of their 
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transition from an aquatic to a terrestrial environment (13, 
14). To better understand the importance of the vitamin D 
endocrine system in calcium homeostasis from an evolution- 
ary perspective, we cloned the Xefwpus lacvis VDR (xVDR). 
We also examined the expression of the VDR during devel- 
opment in Xenopus laevis because little is known about the 
role of the VDR in animal development. We showed that the 
function as well as the sequence of the VDR is well conserved 
in evolution and that the expression of the xVDR is devel- 
opmentally regulated. 

Materials and Methods 

Complementary DNA (cDNA) cloning 

The xVDR cD\A was cloned bv RT-PCR combined with cD\A 
library screening. Briefl\-, 4 /i.got Xenopus small intestine total R\.A were 
reverse transcribed into tirst strand cDX.A in a 50-^j.I reaction containing 
1 ^tg ot ol]go-(dT),> 30 mxi Tns-HCi (pH 7.5), 75 mvi KCI, ^ mvi 
MgCK, 10 mvi on. ] n-.w dXTI's ^nd 300 U ot M-ML\' reverse tran- 
scriptase {Lite fechnoloi^ies. Caithersbur>;, MD) at 37 C tor 1 h. Then 3 
ptl ot the RT reaction were sub)ected to T^CR in a 100-^1 reaction using 
a Gene.Amp ['CR reagent kit { [Vrkin-Elmer, \orualk, CT). The PCK 
primer*- Lised u ere a pair ot degenerate oligonucleotides ^Nnthc-ized 
based on the conserved but least degenerate regions ot the published 
VDR sequences. Pnmer 1: ? -AT( A C T)GG(A . C G T)TT(C T)- 
GGi.A C G FjAAiA G)ATGAT(A C T)CG-3' .ind Pnmer 2: 5 - 
ACfA G)TG(C. TiTClC T)TC(C. TlTGi A G )TGl A ■ G G T lAGl A 
G)TT-3' correspond to human \X^R amino acid residues 242 to 250 and 
324 to 331. respectiveh . The reaction w as run ttir 35 cvcles i>f4 C, 1 min: 
4H C 1 min; and 72 C 1 mm) To increase the amount ot the PGR 
product, J second round ot PGR was performed under the same con- 
ditions with the exception ot a higher annealing temperature (hO G). 
The expected 270 bp PGR product was pun tied and subcloned into 
pBluescript according to the method ot Marchuk c/ i)/. (15). Inserts were 
sequenced by the dideoxynucleotide chain termmati<.)n method using 
the Sequenase DNA Sequencing Kit (United States Biochemical, Gleve- 
land, OH), 

For cDN.A librarv screening, the 270-bp fragment insert was released 
from pBluescnpt with £ccR I and HindUl and labeled with ci-'-^P-dATP 
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(Dur\mt-\ew England Nuclear. Boston, MA) using a random pnmed 

laboHng k.t (B.K-hrmger Mannh.Mm, IndumaroHs IN) ^^-^-7^;^^, 
1 V itr n|aquetorm.ngunits|ptu)troma.Vm>Fnr. adult kidnov Lni-/Al 

cD\ A l.bra^^■ (Stratagenc, La lolla, CA ) were plated and transferred onto 
Nvlon membranes (\EN. Boston, MA) tor ^^^•t;^'^'^^'^*'^^";,^^^^; "^^'^ 
branes were baked tor 2 h at SO C and hvbr.d.zed u.th the cDN A probe 
,n SO", tormam.de, b < SSPE, 5 ■ Denhardt^ solution, O.V'. bDS, and 100 
.. ml denatured salmon sperm D\A at 42 C. The positn^^ '^'''''^'^Z 
pLue-Puntied and the inserts were released trom the phage with th. 

Assist helper phage accordmg to the manufacturers instruction. 
(Stratagene). The sequence ot both strands of the positive clones was 
determined as described above .ind compared with the previouslv pub- 
lished VDK sequences in Genbank using the GCG program. 

" To confirm the sequence ot the xVDR cD\ A clones, additional clones 
were isolated by PGR trom a thvroid hormone-induced \nioru> larva! 
tail cDNA Hbrarv. The PGR primers were based on the sequence in the 
V and 3' untranslated regions oi the tirst clone. 

RNA isolation and Northern blot analysis 

Xenovu^ total RNA was isolated by the guanidum-HGl / phenol ex- 
traction method (16). Polv(A^) RNA was purit.ed using an oligo-dT 
cellulose column as described .17). For Northern blot analvs.s. the 
polv(A' ) R\A was separated on a 1.2^, agarose gel 'Containing - m 
tormaldehvde and transferred onto a Nvlon membrane (18). Hybrid- 
ization was earned out as described above. 

Ribonuclease protection assays 

Riboprobes were transcribed trom linearized plasmids according to 
the method of Kneg and Melton (19). pBluescript containing the /O bp 
Xenovu^ PGR product was linearized with BamHl and the antisense 
riboprobe was synthesized using T7 RNA polymerase (Promega Mad- 
ison WI) in the presence of a-'^P-LTP. For an internal control, a 3/-bp 
tragment of Xeuopu, elongation factor 1 a (EFla) in pGEMl (20) vvas also 
transcribed and used simultaneously m the protection reactions. Sonriatic 
Xenopus EFla is expressed at equal levels in all tissues and throughout 
development starting at mid blastula stages (20). 

For RNase protection assays, 20-50 ^g of total RNA (ad,usted to a 
total amount of 100 ^g with torula RNA) were coprecipitated with 0. x 
lO'^ cpm of xVDR riboprobe (specific acHvity approximately x 10 
cpm/>g) and 100 cpm ot EFla riboprobe (4.5 < 10^ ^"P";^^^S^ J^!,*-^ 
precipitates were resuspended in 30 ^.1 of hybridization butter (80 
formamide, 40 mM PIPES (pH 6.4), 400 mM Na-Acetate _and 1 mM 
EDTA), denatured at 85 G for 5 min, and then incubated at -J^ C tor 18 h. 
After the hybridization, 300 ^xl ot digestion mix containing 200 L KNase 
Tl (Sigma/St. Louis, MO), 10 mM Tns-HGI (pH 7.5), 5 mM EDTA, and 
300 mvi NaGl was added, and the reaction was continued tor . h at room 
temperature. The digestion was stopped bv adding proteinase K to 330 
ug/ml and SDS to 0.7",> and further incubating at 37 L tor l.i mm. 1 he 
protected R\As were then precipitated and resolved on a s polv- 
jcrvlamide . 8 M urea sequencing ge! tor subsequent autoradiographv .it 
-70 G for 1-S days. 

Gel retardation assays 

\'DR DN A binding was examined using ;;i nlw synthesized proteins, 
xVDR rat VDR (r\'DR) and mouse R.XR« (mRXRa) cDNAs were tran- 
scribed into cRNAs and translated into polypeptides using a linked 
transcription-translation system (Promega). Complementary oligonu- 
cleotides 5 -TGGGTGAAtG.AGGAGAG-3' representing the rat osteo- 
calcin VDRE with GATG overhangs were annealed and blunt-ended 
with Klenow D\A polymerase m the presence ot a- ^"^-^''^ ^^"^ 
synthesized proteins and DNA probe were incubated as described pre- 
viously (21) and electrophoresed on a 6",. polvacr\ lamide gel The gel 
was dried and exposed to \-rav film (Kodak, Rochester. \\ ). 



Cell transfection and CAT assays 

C0^7 cells were grown m DMEM (Life Technologies, Gaithersburg. 
MD) conta.nmg 10% FGS, 100 G. ml penicilHn, and 100 m8 rnl 'Strep- 
tomycin at 37 G Gells were cotransfected bv diethvlaminoethvi dextran 
with pcD\ Al containing xVDR, rVDR, or no insert, a reporter plasmid. 



1L^3TKGAT containing the rat osteocalcin VDRH-TKGAT (21), and RSV 
luciter.ise, js a control tor transfection efficiency. Immediately after 
transtection, and dailv thereafter, the cells were treated with 10 " v, 
1 2^-dih\ dro\vvitamm The cells were harvested 72 h post transfec- 
tion, and cell Ivsates were assayed for luciferase and GAT activity (22). 

Results 

Cloning of the Xenopus ntamin D receptor cDMA 

The xVDR cDN A was cloned by RT-PCR using degenerate 
primers based on the available mammalian and avian VDR 
sequences. To increase the PGR specificity, the sequences of 
the degenerate PGR primers were designed corresponding to 
the ammo acid sequences in the hormone binding domain. 
The VDR hormone binding domain is conserved among 
mammals and avians (87.5%) (9) but differs from that of the 
other members of the nuclear receptor superfamily (domaiiis 
E and F) (11), whereas the Zn finger DNA binding domain 
(domain G) (11) is conserved across the nuclear receptor 
superfamily members. We chose the most conserved and the 
least degenerate regions to minimize the degree of degen- 
eracy of the primers. Based on the human VDR sequence, the 
PGR product was expected to be 270 bp. Xenopus small in- 
testinal RNA was used as the source for xVDR cDNA am- 
plification because, as in mammals and avians, amphibian 
small intestine is one of the primary sites for vitamin D- 
dependent calcium exchange (14). After the first round of 
PGR amplification, a faint 270-bp band was obtained; there- 
fore, a second round of PGR was employed to reamplify this 
fragment with the same primers at a higher annealing tem- 
perature. To rule out the possibility of cross contamination 
from the control rVDR cDNA, both the Xeyiopus and the rat 
PGR products were hybridized with a rVDR cDNA probe at 
high stringencv- The Xenopus PGR product gave a much 
weaker signal than the rat band in spite of equal DNA load- 
ing (data not shown), suggesting that the Xenopus PGR prod- 
uct was distinct from the rat product. Indeed, the nucleotide 
sequence of the Xenopus DNA fragment revealed 66% iden- 
tity to the rVDR sequence, suggesting that this cDNA was a 
Xenopus VDR fragment. 

This cDNA fragment was then used as a probe to screen 
a Xenopus adult kidnev cDNA library because kidney is also 
a target organ for vitamin D action in Xenopus (14). After 
screening more that 10^ pfus, only one positive clone was 
identified. This clone has an insert of approximately 1.8 kb 
and contains an open reading frame encoding a full-length 
Xenopus VDR protein. PGR products amplified from a thy- 
roid hormone-induced Xenopus larval tail cDNA librar>- also 
contain an identical sequence. 

Analysis of the Xenopus VDR sequence 

The nucleotide and deduced amino acid sequences of the 
xVDR cDNA clone are shown in Fig. 1. This clone is 1782 
nucleotides long and has an open reading frame encoding a 
polypeptide of 422 amino acids, with the first Met codon 
located at position 141. The translational initiation sequence 
5'-GTTATGC-3' is a suboptimal version of a typical Kozak 
sequence (23). The 323-bp-long AT rich 3' untranslated r^ 
gion contains no typical putative polyadenylahon signal im- 
mediately upstream to the poly(A) tail (24). Interestingly, the 
3' untranslated sequence is much shorter than that of the 
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■ .. I. The nucleotide and predicted amino acid sequences of the 
■•'.'■pus vitamin D receptor. The nucleotides and ammo acids are 
" .mbered on the left. 

"ammalian VDRs (5). The open reading frame encodes the 

:ucpus VDK polypeptide, with a calculated mol wt of 48,137 
^aitons, similar to that ot mammalian VDRs and avian VDR 

rm B, and smaller than avian form A that arises from an 

ternate translational initiation site (9). 

Figure 2 shows the alignment of the human {h), rat (r). 



Fig. 2. The alignment of the human i Hi. rat 'R(, mouse < Mi, chicken 
' C ), and Xenopufi i X i VDR ammo acid sequences. Sequences were best 
aligned to each other and to the hV'DR. Gaps indicate the absence of 
amino acids. The amino acids that differ from those of the hV^DR are 
shown in the other species. Only the B form of the cVDR is shown '9). 

mouse (m), chicken (c) {form B), and xVDR amino acid se- 
quences. Overall the xVDR shares 75%, 73"o, 73%, and 79% 
identity, at the amino acid level, with the human, rat, mouse, 
and chicken VDRs, respecti\elv (Table 1). The similaritv 
among them is even higher (Table 1). Table 2 compares the 
functi(,)nal domains of the hVDR to the VDRs of other species. 
In the D\A binding domain [ammo acids 22 to 1 14, (10)], the 
\\'DR is 93"o identical to the hVDR, whereas the rat, mouse, 
and chicken \'DRs are 99"o, 99'^^ and 97"o identical, respec- 
ti\'elv. The eight cvsteine residues, critical for Zn finger for- 
mation, are completely conserved (Fig. 2). In the hormone 
binding domain (amino acid 196 to the C-terminus), the 
xVDR is only 7b% identical to the hVDR, whereas the rat, 
mouse, and chicken VDRs are 9T'o, 90%, and 83"<) identical, 
respecti\ely. More importantly, the regions or amino acid 
residues in this domain so far identified to be vital for 1,25- 
dihydroxyvitamin D, binding, heterodimerization with RXR 
and transactivation are mostlv conserved across all the spe- 
cies (see discussion). The hinge region between these two 
functional domains is more divergent, with the xV DR shar- 
ing only 45% identity with the h VDR and 63"o with the cVDR. 
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TABLE 1. Comparuson of the Xctmpus VDR amino acid si-quence R«C»ptOf: 

with that of other species CoW Competitor: 



RXR rVDR xVDR RXR ♦ rVDR RXR ♦ xVQa 
- - lOx lOOx - lOx lOOx 



Species 



Similanly 



Identity 



Human 
Rat 
Mouse 
Chicken 



8;j.6'> 
84. 

87.9'f 



72.9'; 
72,9'; 
78.8'; 




TABLE 2. Comparison of human VUR functional domainri with 
those of other species 



Species 


DBD 


HH 


HB[) 


Rat 


99^. 


75^r 


9Vi 


Mouse 


99'^r 


74'-; 


90''; 


Chicken 


97^V 


44'7 


83'^; 


Xenopus 


9:v'f 


45^. 


76^7 



DBD, DNA-binding domain: HR, hinge region; HBD. hormone- 
binding domain. 

Functional characterization ofxVDR 

The identitv of the cloned xVDR was confirmed by gel 
retardation assavs and transient gene expression experi- 
ments. To examine the VDR-VDRE interactions, in vitro syn- 
thesized mRXRa, rVDR, and xVDR were used. As shown in 
the first three lanes of Fig. 3, neither the mRXRa, the rVDR, 
nor the xVDR alone binds to the probe (RXR, rVDR, xVDR). 
Like the rVDR, the xVDR can dimerize with the mRXRa and 
bind to the rat osteocalcin VDRE (shown in the following 
lanes). The binding is competed for by excess unlabeled 
probe. The xVDR-mRXRa heterodimer generates a slower 
migrating and less intense band than that seen with the 
rVDR-mRXRa heterodimer. This phenomenon was observed 
in several repeated experiments. The difference in the inten- 
sity and mobility of the protein-DNA complex may reflect 
the difference in DN A-protem or protein-protein interactions 
due to species differences; or a difference in the conformation 
of the xVDR-mRXRa complex because the size of the two 
VDR proteins is similar. (The xVDR is one amino acid 
shorter). 

The function of the xVDR was examined bv transfection 
experiments. When COS-7 cells were transientlv cotrans- 
fected with both the xVDR and a \ DRE-TK'CAT fusion gene, 
CAT activity was induced 2.3-fold in response to 10 ^ M 
1,25-dihvdroxvvitamin D, treatment. L'nder the same con- 
ditions, the rVDR mediated 6-fold induction, and the control 
plasmid pcDN'Al showed no induction (Fig. 4). The weaker 
induction mediated by the x\'DR may be due to impaired 
interactions with mammalian RXRa, or decreased affinit\' for 
mammalian VDRE as suggested by the gel retardation as- 
says. The data from these two assavs support the identity of 
this clone as a functional VDR. 

xVDR messenger RNA imRNA) and its tissue distribution 

Two forms of xVDR mRN A were detected in Northern blot 
analysis of developmental stage 60 Xnwpus (Fig. 5). The 
mRN A sizes of about 1.8 kb and 2.2 kb are smaller than the 
mammalian VDR mRNA (-4.6 kb). Two VDR mRNA spe- 
cies (2.6 kb and 3.2 kb) were previously reported in chicken 
intestine and kidney (8). 




Fir, 3. Binding of the xVDR to the rat osteocalcin VDRE. Gel retar- 
dation a.ssays were performed using citro translated mRXRu, rVLR 
and xVDR.'a ^-P-labeled oligonucleotide containing the rat osteocal- 
cin VDRE was used as a probe. The first three lanes contain mRXRo, 
rVDR, and xVDR alone. The mRXRa and rVDR, together with the 
probe, generate a retarded complex that is competed for by 10- and 
100- fold excess of the unlabeled probe. A fainter, slower migrating 
complex with similar competition is generated by the mRXRu. xVDR 
and probe. 



6- 



4- 



3- 




T 



pcDNAl 



\V1>K 



rVDR 



J 



Fl(i 4 xVDR-mediated 1.25-dihvdroxvvitamin D , -dependent trans- 
aclivatiun of CAT activity in transfected cells. COS-7 cells wereco- 
transfected with a VDRE-CAT fusion gene, RSV luciferase and rVT)R. 
xVDR or control plasmid -pcDNAl The cells were treated with or 
without 10 " M 1.25-dihvdroxvvitamin D , for 72 h The C AT activity 
was normalized for luciferase activity and is presented as told of 
induction by 1.2.^)-dihydroxyvitamin D:j treatment. The data and SEV 
are derived from four independent experiments. 

The tissue distribution of the x VDR was assessed by RNase 
protection assay (Fig. 6). xVDR mRNA was detected in all the 
tissue examined, including kidney, lung, heart, liver, brain, 
small intestine, ovarv, skeletal muscle, skin, and bone. Small 
intestine and skin express the highest level of xVDR mRNA- 
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Fk;. 6. The tissue distribution of xVDR mRNA. Tota! RNA was iso- 
lated from each of the tissues indicated and from the whole animal 
I adult (. For each tissue, 40 /ig of total RNA were subjected to RNase 
protection to examine the relative abundance of xVDR mRNA. Xe- 
nopus EF-la serves as an internal control for the amount of RNA 
used. 



18 S 



2.2 kb 
1.8 kb 



■'.r,. 5. Northern blot analysis of xVDR mRNA. Poly(A " i RNA i5 ^g) 
urified from 500 /xg of Xenopus stage 60 total RNA was probed with 
r,e xVDR cDNA. As indicated, two sizes of xVDR mRNA are detected. 



Reiiiilation of xVDR expression in Xenopus development 

\\'DR expression was further studied at different stages 
:unng Xenopus lacr!> development. In the RXase protection 
:^^.n' shown in Fig, 7, xVDR mR\A was first detected at the 
-ir;\ neuruia stage (stage 13), the time of neural plate de- 
elopment (25). The mR\A level graduallv increases during 
.t'.i';jiis development and peaks at stages 57 to 61, when 
metamorphosis is taking place (25). The postmetamorphotic 
'iRN'A levels then decrease to the level seen in the adult toad. 

Discussion 

.Amphibians occupy a pivotal place in evolution. Thev are 
ne first animals to make the water to land transition, bridg- 
ng the evolutionary gap betw^een aquatic and terrestrial 
ertebrates. The transition from an aquatic to a terrestrial 
ri\ ironment requires changes in the mechanism controlling 
^ilcium homeostasis (13, 14). The aquatic animals (fish and 
idpoles) obtain calcium through their gills and skin from an 



inexhaustible reservoir of dissolved mineral ion in the water 
(26-28), whereas the terrestrial tetrapods depend mainlv on 
dietary calcium (12). The high level of VDR mRNA in Xe- 
nopus skin relative to bone may reflect the importance of the 
skin in calcium homeostasis in this prima riiv aquatic am- 
phibian. In addition to bones, some amphibian species have 
specialized endolymphatic sacs for calcium storage. This cal- 
cium can be mobilized for ossification of the cartilaginous 
skeleton during metamorphosis (29, 30). Calcium metabo- 
lism in amphibians is regulated by PTH, calcitonin, and 
vitamin D as well as by PRL and stanniocalcin (13, 14, 31). 

As in the higher vertebrates, the primary function of vi- 
tamin D in amphibian calcium metabolism seems to be rais- 
ing blood calcium (12, 13), however, the relative importance 
of the various target organs differs. Vitamin D-dependent 
calcium absorption and reabsorption in amphibian intestine 
and kidney have been reported (32, 33), and calcium-binding 
protein (CaBP) has been found in these organs (33, 34). Vi- 
tamin D treatment enhances calcium uptake by skin (26) and 
calcium accumulation in the endolymphatic sacs (35, 36). 
Furthermore, vitamin D has been shown to play a critical role 
in amphibian skeletal development. When maintained on 
vitamin D-deficient diets, Xenopus laevis develops skeletal 
abnormalities (rickets and osteoporosis) (37). These data sup- 
port the hypothesis that the vitamin D endocrine system 
appears earlv in phylogeny and is functionallv conserved 
during evolution. Indeed, our data presented in this paper 
indicate that the sequence of the vitamin D receptor is well 
conserved from Xenopus to mammals. The observation that 
the xVDR dimerizes with the mRXRa and binds to a rat 
osteocalcin VDRE to confer 1,25-dihydroxvvitamin D^de- 
pendent transactivation further confirms the functional con- 
servation of the receptor. Interestinglv, the receptor for PTH/ 
PTHrP, two hormones intimateU' involved in calcium 
homeostasis, is also conserved during evolution. The xPTH/ 
PTHrP receptor isoforms share 69-78"<) identitv with the 
mammalian receptors (Bergwitz, C, P. Klein, f. Graff, H. 
Kohno, S. Forman, D. Rubin, K Lee, G. V. Segre, D. Melton, 
and H. Juppner, manuscript submitted). 

Like other members of the nuclear receptor superfamilv, 
the VDR contains an \-terminal D\A-binding domain, 
which interacts with the VDRE through its two Zn fingers, 
and a C-terminal ligand-binding domain, which is respon- 
sible for high affinity 1,25-dihydroxyvitamin D-, binding, 
dimerization, and transcriptional activation (10). As shown 
in Fig. 2, among all VDR species examined, the eight cysteine 
residues vital for the Zn finger formation, and other residues 
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Fiii. 7. xVDR expression during devel- 
opment. The expression of xVDR mRNA 
was examined by RNase protection as- 
sav at various stages of Xenopus devel- 
opment, using 20 of total RNA per 
reaction. Xenopus EFlu sen.'es as an 
internal control. The major morpholog- 
ical changes associated with some de- 
velopmental stages examined are pre- 
sented in the top panel. 
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torming the Zn finger structure, are conserved. The ligand- 
binding domain, like that ot other nuclear receptors, contains 
nine heptad repeats thought to constitute a dimerization 
motif (39), and an El region near the N-terminal boundary 
beHeved to be crucial for receptor function (40). Studies of the 
hVDR function using site-directed mutagenesis and exam- 
ining naturally occurring mutations revealed that heptad 4 
and 9 (41), R391 (42), and the El region (specifically F244, 
K246, L254, Q259 and L262) (40), are essential tor het- 
erodimerization. Furthermore, these hVDR studies also 
showed that R274 (43), C288, C337 (44), E395, H397 and K399 
(41) are important for high affinity binding of 1,25-dihy- 
droxyvitamin D3. All these residues and subdomains are 
conserved from amphibian to mammalian VDRs (Fig. 2). 
These data strongly argue that the VDR is well conserved 
throughout evolution. 

Residue 1314 of the hVDR was found to be involved in 
ligand-mediated transactivation in a study of a mutated VDR 
from a patient with hereditary hypocalcemic vitamin D-re- 
sistant rickets (42). When 1314 is mutated into S314, VDR 
hormone responsiveness, heterodimerization, and transcrip- 
tional activation are impaired (42). Interestingly, 1314 is con- 
served in all mammalian VDRs but not in c- and xVDRs, 
where the lie is replaced with a Val. It is possible that the Val 
substitution at this position will diminish VDR dimerization 
and transactivation. This substitution may help to explain the 
decreased intensity of the protein-DNA complex in gel re- 
tardation assays and the decreased ligand-dependent trans- 
activation observed with the xVDR in COS cells. 

The xVDR mRXA is detected in a broad range of tissues 
in Xenopus lacris. In addition to the traditional target organs 
such as intestine, kidney, bone and skin, xVDR mRNA was 
also seen in heart, lung, liver, brain, ovary, ovidtict, and 
muscle. At least in chicken and rat, no VDR mRNA was 
detected in the liver, and very low levels were found in the 
heart and oviduct (6, 8). The'function of the xVDR in these 
nontraditional target tissues is unclear, It is possible that the 
xVDR may play different roles in amphibians and in higher 
vertebrates. 

Nuclear receptor-mediated hormone actions have been 
shown to be critical for Xenopus lacvis development. Retin- 
oids regulate anterior-posterior axis formation of Xenopus 
embryos (45-49). Consistent with this observation, high level 
expression of the retinoic acid and retinoid X receptors are 
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detected at early stages (from oogenesis to gastrulation, stage 
7-8) of Xenopus development (50, 51). Thvroid hormone acts 
as a biological effector of amphibian metamorphosis and 
limb development. Xenopus metamorphosis is characterized 
by profound morphological changes including the develop- 
ment of limbs, ossification of the cartilaginous skeleton, and 
resorption of the tail (25). At this time, expression of the 
Xenopus thyroid hormone receptor reaches its maximum, 
correlating with the peak secretion of thyroid hormone (52). 
We first detected the xVDR mRNA at early neurulahon 
(stage 13), almost immediately after the sharp decline of 
retinoic acid and retinoid X receptor levels (51). From this 
point on, the mRNA level steadily increases as development 
continues, reaching maximum at metamorphosis. Although 
the level of 1,25-dihydroxy vitamin D3 has not been reported, 
the plasma calcium concentration is markedly increased at 
the time of metamorphosis (14), providing the minerals 
needed for skeletal ossification. Once the animal is morpho- 
logically an adult and its skeleton is mineralized, the re- 
quirement for the receptor-dependent action of 1,25-dihy- 
droxvvitamin D3 is not as great, and the VDR mRNA levels 
decrease to the adult steady state level. These data suggest 
that the xVDR is alsocritical'for Xenopus metamorphosis, and 
the appearance of the xVDR in the earlv Xenopus embryo, 
before the development of a bony skeleton, implies that the 
function of the xVDR extends beyond the regulation of cal- 
cium homeostasis. 
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